Vaccine policy, decision processes and outcomes vary widely across Europe. The objective was to map these factors across 16 European countries by assessing (A) national vaccination strategy and implementation, (B) attributes of healthcare vaccination systems, and (C) outcomes of universal mass vaccination (UMV) as a measure of how successful the vaccination policy is.
Introduction
Although national immunisation strategies have traditionally focussed on infants and children, policymakers increasingly seek to protect the wider population against infectious diseases by moving towards a life-course immunisation approach [1] . At the same time, there is greater public interest and debate about the role of immunisation and the safety and regulation of vaccines [2] . Financial and social pressures on healthcare systems in Europe have also contributed to the increased adoption of evidence-based evaluation of vaccines in order to maximise their benefits in a given population [3] . Decision-making for vaccination policy varies widely, with different processes and outcomes in each country. Countries need to improve their immunisation strategies using evidencebased, transparent and sustainable processes [2, 3] . Recommendations and vaccination policies are different across European countries, as decision-making remains country-specific [4] reflecting varying epidemiology as well as country-specific differences in healthcare systems, level of evidence, vaccine acceptability and financing [3] . The World Health Organization (WHO) Regional Office for Europe (WHO-Europe) defined priority areas for action, as well as indicators and targets for vaccination, in order to meet its vision of all countries being able to provide equitable access to high-quality, safe, affordable vaccines and immunization services throughout the life course in its European Vaccine Action Plan (EVAP) 2015-2020 [5] . Additionally the EU now believes that vaccination programmes are increasingly fragile; in the face of low uptake of vaccines, vaccine hesitancy, the increasing cost of new vaccines and shortages in vaccine production and supply in Europe.
The objective of this research was to map the status of vaccination across Europe by considering together the national vaccination strategy, attributes of healthcare systems and the vaccine coverage rate (VCR), and assessing the outcomes of universal mass vaccination (UMV) using the VCR.
Methods
Countries use multidisciplinary groups of independent national experts (National Immunization Technical Advisory Groups, NITAGs) to assess evidence and advise their governments on immunisation policies (e.g., both on choice of new vaccines and adjustments required to existing strategies and schedules). A healthcare systems approach was applied to examine the relationship between NITAG decision-making, attributes of the healthcare system (where the NITAGs may or may not have an influence), and outcomes of the UMV (i.e., using VCR) ( Fig. 1 ). Research questions, to address each point in Fig. 1 , were formulated to assess whether and how different aspects of vaccination policy (NITAG decision-making, monitoring and surveillance) impact on UMV.
A total of 16 European countries (i.e., Austria, Belgium, Bulgaria, Croatia, Finland, France, Germany, Greece, Italy, the Netherlands, Poland, Romania, Spain, Sweden and the United Kingdom (UK), in the EU, and Switzerland) were included. This was for the increased feasibility of working with a limited number of countries and being able to conduct the research in a timely fashion. Countries included were predominantly the most populous European countries with a mixture of payment models (e.g., vaccines provided via individual prescriptions reimbursed by insurance or with a co-payment, or, purchased through government tenders and essentially free of charge to the patient).
Data were collected through secondary research and verified through interviews with country experts experienced in vaccinerelated research and policy. The most recent publicly available data were used. Searches were conducted on publicly available information sources in the native language, including official government and supranational websites, peer-reviewed publications on vaccine policy and conference abstracts. Search terms reflected key terminology used to formulate policy briefs, reports, and regulations. Search terms as well as country-specific information were translated where necessary. The research questions were refined following an advisory panel of a subset of experts from Germany, France, Italy, Switzerland, the Netherlands and the UK. Findings were compiled in a data repository (MS Excel) and information was coded and streamlined to ensure consistent use of key terminology.
Time intervals were retrieved for the first vaccine brand to be included in national UMVs for a given disease (i.e., rotavirus, human papillomavirus (HPV), paediatric and adult pneumococcal and seasonal influenza vaccines, meningococcal B and herpes zoster vaccines). This provided an overview across a range of age groups, to estimate the length of time each country takes from European Medicines Agency (EMA) approval, which is common to all countries except Switzerland in our analysis, to NITAG recommendation and to UMV implementation.
The reimbursement status of recommended (including mandatory) vaccines was reviewed and classified as: fully reimbursed, subject to co-payment or paid out-of-pocket (OOP). Data were broadly divided by age and antigen into paediatric vaccination (from birth to 18 years) and adult vaccination (pregnant women, adult boosters and vaccines for older adults i.e., usually considered to be over 65 years). Data on risk groups other than pregnant women were not included.
Public information sources were searched to find whether countries set strategic goals and targets for vaccination, the last time the goal was set, how often it was reported and the information systems underlying VCR reports (electronic immunisation records (EIRs) and centralised registries (CRs)).
The notification rates for each country, as reported to the European Centre for Disease Prevention and Control (ECDC) between 2006 and 2014, were retrieved to calculate the average notification rate of measles, mumps and rubella (MMR), hepatitis B and invasive pneumococcal disease (IPD), per country by age group.
The VCR for the primary infant series of diphtheria tetanus pertussis (DTP) vaccination was reviewed and compared across countries as these antigens are established across all countries in scope, and this is part of EVAP goal 4 [5] . Childhood booster vaccinations of DTP-containing vaccines, however, were excluded as schedules vary widely. Similarly, the VCR for HPV vaccination (complete course) in adolescents, and for seasonal influenza in older adults was reviewed and compared as these vaccines are also common across most countries.
Results

Vaccination strategy and implementation
How do NITAGs make recommendations on new UMVs?
In some countries NITAGs are independent from health technology assessment (HTA) bodies, while others are part of the HTA body which usually has a role in assessing pharmaceuticals and devices for potential use in that country. From publicly available information across the 16 countries, NITAG decision-making includes horizon scanning for new products in seven countries, of which only France and the UK specify performing horizon scanning for vaccines. A systematic framework or standard operating procedure for vaccine assessment is applied in 11 countries; 10 conduct a systematic literature review, 11 conduct an economic evaluation, and eight countries do both. Ten countries publish their rationale for the positive or negative decision made regarding inclusion of the vaccine in the UMV. Only Sweden currently applies all of these stages to a systematic vaccine assessment (Table 1) . Romania had a NITAG in 2015, which was subsequently disbanded.
What is the time period from vaccine marketing authorisation to UMV implementation?
The range for EMA authorisation to NITAG recommendation was considerably greater than the range from NITAG recommendation to UMV implementation. The time of NITAG recommendation, however, was not known for all vaccines and in all countries, so the average time from EMA approval to UMV implementation is presented (Table 2) , calculated from the date of the first EMA approval of a vaccine for a disease (i.e., in the case of multiple vaccines approved for one disease) until the UMV implementation date. As some countries are still deciding on implementation, the average times provided are underestimates. For full details by country, see Appendix Table 2 . 3.1.3. Current UMV strategies and programmes 3.1.3.1. Childhood and adolescent UMV vaccination (from birth to 18 years of age). In general, recommended vaccines (which includes mandatory vaccines) in this age group are funded by the government or third-party payers. In France, the majority of recommended vaccines are available with a co-payment through private insurance, and in Austria, Poland and Romania, some recommended vaccines are available for private purchase (OOP). It should be noted that countries vary in attitudes and ability to access OOP vaccines; for example, this is relatively unusual in the Netherlands and Sweden yet more common in e.g., Spain, Austria, Greece and Romania. Vaccines that are not generally recommended for UMV in this age group for the cohort countries include Bacillus Calmette-Guerin (BCG), hepatitis A, varicella, Meningitis (Men) B, MenACWY, influenza and to some extent MenC and rotavirus, however, these may be available for private purchase and are generally funded for at-risk groups. Full details about vaccines recommended in the UMV programme, with levels of funding, can be found in Fig. 2 [9] , Croatia [10] , Finland [11] , France [12, 13] , Germany, Greece [14] , Italy [15] , Netherlands [16] , Poland [17] , Romania [18] , Spain [19] , Sweden [20] , Switzerland [21] , UK [22, 23] . Table 2 Average time from first authorisation for disease to UMV implementation.
VACCINATION STRATEGY AND IMPLEMENTATION
Vaccine
Number of UMV countries Average time (range)
Rotavirus vaccine 9 (Austria [24] , Belgium [25, 26] , Bulgaria [27] , Finland [28] , Germany [29, 30] , Greece [31, 32] , Italy [33] , Poland [34] , UK [28] ) 65 months (11 months Belgium, 135 months Italy)
HPV vaccine 15 (Austria [35] , Belgium [36, 37] , Bulgaria [38] , Croatia [39] , Finland [40] , France [41] [42] [43] , Germany [44] [45] [46] , Greece [47] , Italy [48, 49] , Netherlands [50] [51] [52] , Poland [53, 54] , Spain [55] , Sweden [56, 57] included target VCRs for both seasonal influenza vaccination and MMR vaccination in six countries (Table 3 ). In addition to measles and influenza, some countries also set specific target national VCRs for other vaccines. Belgium and the UK had key performance indicators (KPIs) for paediatric vaccination: i.e., 80% VCR target for infants and toddlers under 18 months old in Belgium, and 95% VCR target for children under four years old in the UK.
Healthcare system attributes
Vaccination KPIs, VCR frequency and reporting system
Countries typically had vaccine-specific KPIs (e.g. a target VCR) across all age groups. Table 3 shows that 14 countries report VCRs at a national level for several vaccines across all age groups, with 13 of these stating they report these data yearly, however, these data were not always publicly available each year. The UK reports VCRs on both a quarterly and yearly basis for most vaccines. No publicly available national level data on the frequency of VCR reporting in Austria and Belgium were identified. The publication of the latest reported data is in Table 3 , however, this may not always reflect the data collection date. For example, in Germany, data on older adults for pneumococcal vaccination were based on a 2008-2011 survey (published in 2013) and for seasonal influenza, the last report was from the 2015-2016 season (published in 2017). In Germany, VCR based on school entry examinations are published yearly, while VCR from claims data are not published for all vaccines every year.
In terms of the information systems underlying VCR reporting, a distinction was made between an EIR and a CR which held only national level data. The use of national health data surveys was not considered an appropriate proxy for a centralised registry. Ten countries had either a CR or EIR for reporting childhood vaccinations, and seven had either a CR or EIR for other age group vaccinations. Not all regions in Italy have an EIR system, some still send paper copies to a CR. Germany has not established a comprehensive standardised system for VCR data collection but uses regular sources typically from specific surveys, school entry data or claims data. Full details are provided in the Appendix.
Outcomes of the UMV
Reported average disease notification rates for vaccinepreventable disease
The third and final component to the research was to assess UMV outcomes, using the latest data on the reported incidence of vaccine-preventable disease, and the VCR achieved in paediatric and adult populations.
The average notification rates for each country were based on data reported to the ECDC from 2006 to 2014 for measles, mumps and rubella [142] , and from 2010 to 2014 for hepatitis B [143] and IPD [142] . Figs. 4 and 5 present the country data for measles, mumps and rubella in children and hepatitis B in all age groups, and for IPD in infants, children and older adults (available for 12 countries), respectively. In both adults and children, there is a wide range in reported disease incidence particularly for hepatitis B and rubella. Where data were reported, the incidence per 100,000 ranged from 0.13 (France) to 16.55 cases (Sweden) for hepatitis B, and from 0.02 (Netherlands) to 24.10 cases (Poland) for rubella.
Belgium, France, Germany and Switzerland did not report notification rates for IPD (no systematic surveillance) in the time frame reviewed; Bulgaria and Croatia reported very low numbers, no rates for infants or older adults were reported for Croatia, and no data reported before 2012. Fig. 5 shows higher IPD notification rates in the older adult population versus young children, which could be explained by only 9 of the 16 cohort countries recommending pneumococcal vaccination in this age group, an ageing population, and, low vaccine coverage and effectiveness. Table 4 shows the national level data on VCR from the most recent published figures for an infant, adolescent and older adult UMV programme (i.e., DTP, HPV and seasonal influenza programmes, respectively). There were differences in the level of publicly available information.
What is the vaccine coverage rate (VCR) in the target populations?
For the primary DTP-containing series in all 16 countries, the primary VCR ranged from 89.1% (Romania) to 98.2% (Finland and Sweden). Where possible, the range of VCR was retrieved to highlight regional variations as one of the limitations of this analysis is the focus on national level data.
All of the countries in scope offer HPV vaccination in their UMV programme except Romania [144] which discontinued its HPV UMV programme. Vaccine coverage rates were not available for Austria and Croatia, and ranged from 14.1% in Bulgaria to 85.9% in the UK.
In the case of seasonal influenza, VCRs were available for 14 countries (with the exception of Bulgaria and Switzerland). These ranged from 4.3% (Poland) to 71.6% (UK). The ranges retrieved showed a maximum of 74.5% in some parts of the UK.
Discussion
The organisation, funding and delivery of healthcare is the responsibility of individual countries in Europe. The findings clearly reflect this individual approach to vaccination: no single country stood out as a best practice model of vaccination and public health control of infectious diseases. In some countries, VCRs were high, particularly for the primary vaccination series, despite having different NITAG assessment approaches, KPIs and underlying information systems. Both a programmatic (i.e., highly centralised decision-making and implementation supported and coordinated by national or regional level public health) and a decentralised (following NITAG decision, individual prescribers implement vaccination policy) approach produced high VCRs.
There was considerable variation between country schedules, with only two vaccines for which KPIs were widely applied -influenza and MMR. This is despite the adoption of the EVAP action plan by European Union member states, which explicitly identified as goals sustaining polio-free status, elimination of measles and rubella, control of hepatitis B infection and, meeting 95% coverage of three doses of DTP-containing vaccines. Italy was notable for setting KPI targets for many paediatric vaccines in its UMV, and for herpes zoster vaccine for older adults since 2017. Influenza was the only non-paediatric UMV vaccine with a KPI, however, this is confounded by variations in VCR ranging from 4.3% in Poland to 71.6% in the UK. Europe has a growing ageing population with potentially higher morbidity due to infectious disease, therefore widespread vaccination could significantly reduce the healthcare burden in older adults. Coverage in this age group, however, remains low as; comprehensive national policies for vaccination of older adults are lacking, many general practitioners do not recommend or prioritise vaccination of older adults, cost barriers exist and result in inequitable coverage and, older adults and healthcare professionals lack understanding of the benefits of vaccination [170] . Similar factors were reported to affect vaccination coverage in adults (i.e., lack of knowledge among adults and healthcare professionals of vaccine recommendations and benefits in adults as well as lack of funding or cost concerns) [171] . Key factors to improve VCR among adolescents include educating adolescents and addressing who has responsibility for delivering vaccines [172] . These barriers to life course vaccination are recognized in Europe and reflected in EVAP objective 3 which highlights the need to research, develop and implement the best targeted approaches to vaccinate underserved populations such as adolescents and adults [5] . Regardless of individual differences, VCRs in different age groups were reported across all countries and were used to assess UMV outcomes. Data on incidence rates reported to ECDC were also captured to determine the extent of control of vaccinepreventable diseases, however, these data are likely to be confounded by the surveillance programme strength and reporting accuracy. For seasonal influenza, the data show a clear disparity in VCRs achieved; 10 countries either do not report VCRs (Bulgaria and Switzerland) or have a VCR below 50% (Austria, Croatia, Finland, France, Germany, Greece, Poland and Romania), despite the 2009 EU commitment [173] to reach the WHO-agreed goal of 75% VCR in older adults preferably by the 2014-15 winter season. Only Belgium, Italy, the Netherlands, Spain, Sweden and the UK achieve a 50% or greater VCR.
Overall, the data on VCRs and KPIs explicitly show the continued focus and likely prioritisation of paediatric immunisation, and are not indicative of a trend towards the stated goal of a lifecourse vaccination approach [1] that prioritises infectious disease control in all ages. It appears a missed opportunity for countries to not set these KPIs despite making the investment in public health for non-paediatric age groups. Italy and the UK are notable exceptions, as they track seasonal influenza, zoster and pneumococcal vaccination in older adults.
Despite KPI targets for VCRs exceeding 90% in most countries, the reported rate of measles, rubella and mumps is much higher in the 16 countries included than for any other vaccinepreventable disease dataset held by the ECDC both in adults and children, demonstrating the wider impact of reduced MMR coverage. The research did not assess recent legislative initiatives that mandate vaccination; such as the introduction in Germany of mandatory healthcare professional consultations on vaccines (pre-school or kindergarten) in 2015 [174] , the decision of Italy to make 10 paediatric vaccinations mandatory in 2017 [175] , and decisions in France concerning 11 paediatric vaccinations from 2018 [176] . These initiatives aim to increase VCRs, where vaccine scepticism and hesitancy may have contributed to lower than expected coverage. This follows the perceived success of mandates in the USA and Australia, which may have a potentially beneficial public health impact, although they could be contentious with the public.
This study shows a wide range in the length of time from marketing authorisation at a European level to NITAG decision and then to UMV implementation. In general, however, time to population use from EMA authorisation was faster for paediatric vaccines in this analysis than for vaccines in older adults (pneumococcal and herpes zoster vaccination). NITAGs may wish to consider if they assess the needs of their (older) adult populations in the same way as their paediatric population. Although most countries have a NITAG in place, its role varies, and while the majority of countries have a systematic framework in place for assessment, there is a range of approaches to the evaluation of data on vaccine safety and efficacy. Indeed, NITAG assessments and frameworks [6] appear to have no bearing on implementation timelines. While this may lead to some vaccines being implemented in a quick timeframe, the reasoning behind this decision-making is not always clear. As a result, other vaccines may not be considered. For example, countries that implemented horizon scanning for vaccines were not necessarily early implementers of vaccine UMVs in this analysis. Bulgaria was the first country in the analysis to implement a paediatric pneumococcal UMV, and Belgium, the first to implement a rotavirus UMV. Neither of these countries, however, use horizon scanning, a standardised approach, a systematic literature review, nor, consider health economic evidence as part of their vaccine assessment. The diversity in approaches to evidence also extends to economic evaluation, where cost-effectiveness isn't always included in the recommendation development process and, with a minority of countries considering the existence of a cost-effectiveness threshold as important prior to vaccine introduction.
The limitations of this research include the consideration of only a sub-set of countries within Europe and the use of only publicly available national level data. Therefore, the data may not reflect within-country variations, or the situation in countries with a decentralised approach to decision-making and implementation (e.g., Spain and Italy) and some data were not accessible. The data available at the time of collection may already have changed affecting the results, and there were differences in robustness and timeliness of publicly available data across countries and parameters (e.g., differences in time periods for analysis), limiting the value of cross-country comparisons. Among other factors that may influence VCR, vaccine supply was not considered and lack of availability of vaccine may result in a delay in UMV introduction. Given the primary interest in bringing together a range of datasets in this analysis, we have been unable to give sufficient depth to many of the issues raised, on which much has been previously written. Similarly, we were not able to augment our results for each country in the dataset with expert interviews and perspectives. This analysis shows limited adoption and implementation of the EVAP 2015 to 2020 objectives to date, including setting common vaccination KPIs and goals across Europe. EVAP took a holistic approach to immunisation, seeking to steer a path towards ensuring long term domestic function of and political commitment to immunisation. On the whole, despite EVAP, more fundamental issues need to be addressed to improve country UMV performance e.g., increasing VCR and defining VCR goals in the target population.
In conclusion, these findings clearly reflect an individual approach to vaccination by country. Despite use of different assessment approaches, targets and underlying reporting systems, most countries could achieve high VCRs, particularly for paediatric vaccinations. Data on VCRs and targets show a continued prioritisation of paediatric immunisation in the majority of countries. Although national targets and EU-and WHO-Europe goals exist, the VCRs achieved are highly variable, reflected by the wide incidence ranges observed for vaccine-preventable diseases (e.g., MMR). Additional measures to improve VCRs across all age groups are needed and could benefit from greater harmonisation in data collection (e.g. EIRs and CRs) and sharing across EU countries.
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